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Abstract — In this paper a new hybrid excitation flux-
switching motor (HEFSM) with an outer-rotor 
configuration is proposed for in-wheel drive EV 
applications. The principles of operation and 
performances on the initial design motor are studied. The 
profile of back-EMF, cogging torque, magnetic flux 
distribution and load analysis are evaluated. Initially, coil 
arrangement and zero rotor position tests are implemented 
to ensure the proposed motor is in proper condition. The 
study is conducted based on finite element analysis (FEA). 
The results obtained show that it has the possibility to be 
further optimized for use as in-wheel EV drives.  
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I.      INTRODUCTION 
In recent years, electric vehicles (EVs) and hybrid electric 
vehicles (HEVs) are considered as good candidates in reducing 
the environment issue of global warming. The major key factor 
on this issue is by reducing the use of fossil fuel [1-3]. 
Moreover, battery powered electric vehicles (BEVs) seem like 
an ideal solution to deal with the energy crisis and global 
warming since they have zero oil consumption and zero 
emissions. Currently, there is a trend to use in-wheel drive 
motor for EVs due to their compactness and can provide more 
cabin space. An outer-rotor configuration provides higher 
torque density at low speed condition and is therefore 
particularly suitable for in-wheel applications.    
 More recently, flux-switching motors (FSMs) with 
concentrated winding have been extensively investigated due 
to their shorter end winding and higher torque density and 
efficiency. Various applications of FSM have been reported, 
ranging from wind power generation, automotive, aerospace, 
power tools and etc [4-7]. Generally FSMs can be categorized 
into three groups, namely permanent magnet (PM) FSMs, 
hybrid excitation (HE) FSMs, and field excitation (FE) FSMs 
as shown in Fig. 1. Both PMFSMs and FEFSMs have only 
single excitation flux source which come from PM and FE coil, 
respectively, while in HEFSM the magnetic flux source is 
generated from PM and FECs [8]. 
 
 
 
 
 
 
 
Fig. 1  Categorization of flux-switching machines 
 
Even though the outer-rotor configuration machine is 
capable of providing higher torque density and efficiency, there 
is very limited report has been published for FSM if compared 
with inner-rotor configuration [9-14]. Only recently, the outer-
rotor PMFSM has been first proposed for light traction 
applications [15-18]. Nevertheless, no report has been 
published on the outer-rotor configuration for HEFSM.  
 Therefore, this paper presents a design study on 12S-10P 
outer-rotor HEFSM to meet the requirement of in-wheel drive 
EV. Previously, inner-rotor HEFSM has been proposed for 
various applications and some improvements have been made 
and compared with the original structure as reported in [19-20]. 
The cross-sectional view of inner-rotor HEFSM is shown in 
Fig. 2. It is evident that the inner-rotor HEFSM has achieved 
high torque and power density over a wide range of speed that 
is suitable for high speed vehicles traction applications. Hence, 
with the great achievement of inner-rotor HEFSM, the authors 
have proposed a new structure of outer-rotor HEFSM for in-
wheel drive EV application in which the initial design structure 
is illustrated in Fig. 3 [21].  
 Section II will discuss the principle of operation and design 
concept of outer-rotor HEFSM.  Section III will be devoted to 
the initially proposed machine design restrictions and 
specifications. The predicted results of initial design machine 
based on 2-D finite element analysis for coil arrangement and 
zero rotor position tests are given in Section IV. Finally, 
Section V gives a conclusion on this computer design study. 
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Fig. 2 Cross sectional view of inner-rotor HEFSM [19] 
 
 
Fig. 3  An initial design structure of outer-rotor HEFSM  
II.       PRINCIPLE OF OPERATION OF OUTER-ROTOR HEFSM 
The concept of PMFSM was first introduced in the middle 
of 1950’s [22], while for the HEFSM it was introduced in 2007 
[23]. The term “flux switching” is introduced to highlight the 
changing of the polarity of the flux linkage by following the 
motion of a salient pole rotor. The flux source of PMFSM is 
the PM, whereas for the HEFSM it comes from two sources 
which are PM and DC field winding. In both cases, all the 
active parts are located on the stator with the armature and PM 
(DC field winding) placed in alternate stator teeth. The 
advantage of this machine is its robust rotor structure that 
makes it suitable for high speed applications. In addition, the 
FEC can be used to control the generated flux with variable 
capabilities. In the proposed ORHEFSM, the possible number 
of rotor poles and stator slots is defined by, 
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where Nr is the number of rotor poles, Ns is the number of 
stator slots, k is an integer, and q is the number of phases. For 
the proposed motor, q = 3, Ns =12 and Nr = 10. 
In this proposed motor, the motor rotation through 1/10 of a 
revolution, the flux linkage of armature has one periodic cycle 
and thus, the frequency of back-emf induced in the armature 
coil is ten times that of the mechanical rotational frequency. In 
general, the relation between the mechanical rotation 
frequency, fm and the electrical frequency, fe for the proposed 
machine can be expressed as, 
fe = Nr.fm                        (2) 
where fe is the electrical frequency, fm is the mechanical 
rotation frequency and Nr is the number of rotor poles. 
The operating principle of the proposed outer-rotor HEFSM 
is illustrated in Fig. 4. The single piece of rotor shown in the 
upper part makes the motor more robust and structurally 
similar to SRM, and the stator is presented in the lower part, 
where the PM, FEC, and armature coil are located.  The PM 
and FEC are placed between two stator poles to generate 
excitation fluxes, from which the term of “hybrid excitation 
flux” originated.  In Figs. 4(a) and (b) show the flux generated 
by PM and FEC flowing from the stator into the rotor and from 
the rotor into the stator, to produce a complete one flux cycle. 
The combined flux generated by the PM and FEC established 
more excitation fluxes that enabled the motor to generate a 
higher torque. When the rotor moves to the right, the rotor pole 
aligns with the next stator tooth, hence switched the magnitude 
and polarities of the flux linkage. The flux does not rotate but 
shifts in the clockwise and counterclockwise directions with 
each armature current reversal. According to Fig. 4(c) and (d), 
only the PM flux flows from the stator into the rotor and from 
the rotor into the stator, while the FEC flux is only circulates 
on its particular winding. This condition establishes less 
excitation flux and hence generates less torque.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4  Principle operation of ORHEFSM (a) θe = 0º (b) θe = 180º more 
excitation, (c) θe = 0º (b) θe = 180º less excitation 
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TABLE I.  OUTER-ROTOR HEFSM DESIGN RESTRICTIONS AND 
SPECIFICATIONS 
Descriptions 
Inner 
rotor 
HEFSM 
Outer-
rotor 
HEFSM 
Max. DC-bus voltage inverter (V) 650 650 
Max. inverter current (Arms) 360 360 
Max. current density in armature coil, Ja 
(Arms/mm
2) 
30 30 
Max. current density in FEC, Je (A/mm
2) 30 30 
Stator outer radius (mm) 132 110.6 
Motor stack length (mm) 70 70 
Inner air radius (mm) 30 30 
Air gap length (mm) 0.8 0.8 
PM weight (kg) 1.1  1.0 
Maximum torque (Nm) 334.4 334.4 
Maximum power (kW) 162.8 162.8 
 
III.     THE PROPOSED MACHINE DESIGN RESTRICTIONS AND 
SPECIFICATIONS 
The design requirements, restrictions and specifications for 
the proposed outer-rotor HEFSM for in-wheel drive EV 
applications are similar with the inner-rotor HEFSM as 
depicted in Table I. The target maximum torque and power is 
more than 334.4 Nm and 162.8 kW, respectively. The PM 
weight is limited to 1.0 kg which is less by 0.1 kg compared 
with the inner rotor of HEFSM. The corresponding electrical 
restrictions to the inverter such as maximum DC bus voltage 
and maximum inverter current is set to 650 V and 360 Arms,  
respectively. While, the limit of both armature current density, 
Ja and FEC current density, Je is set to 30 A/mm
2
. The proposed 
motor has a very simple structure which all the component 
parts involved are rectangle in shape with concentrated 
winding in all coils. In addition, it offers un-overlap winding 
between the FEC and armature coil that makes shorter end 
winding and can contribute to reduce copper loss. The target 
weight of the proposed motor is set to be at least similar as 
inner rotor HEFSM which is 29.3 kg. Therefore, the proposed 
motor is expected to achieve the maximum power and torque 
density of 11.41 Nm/kg and 5.55 kW/kg, respectively. 
Basically, the machine design parameters are divided into 
two categories, those related to stator core and those that are 
related to the rotor core. On the stator core, it is subdivided 
into three groups which are the FEC slot shape, armature slot 
shape, and PM. The rotor parameters involved are the inner 
rotor radius (D1), rotor pole depth (D2), rotor pole arc width 
(D3). The distance between airgap and PM parameter is (D4). 
The PM slot shape parameters are the PM depth (D5), and the 
permanent magnet width (D6), while the FEC slot parameters 
are FEC coil depth and FEC coil width, (D7) and (D8) 
respectively. Finally, armature coil parameters are armature 
coil depth (D9) and armature coil width (D10). The design 
parameters, from D1 to D10 are illustrated in Fig. 5. In this 
study, the initial design parameters of the proposed outer-rotor 
HEFSM are depicted in Table II. 
Furthermore, the material used in this design study for PM 
is NEOMAX-35AH whose residual flux density and coercive 
force at 20ºc 1.2T and 932 kA/km, respectively, while the 
electromagnetic steel, 35H210 is used for the rotor and stator  
 
Fig. 5  Design parameters defined as D1 – D10 
 
TABLE II.  THE PROPOSED OUTER-ROTOR HEFSM INITIAL DESIGN 
PARAMETERS 
 
Parameter Description Initial Design 
D1 Rotor inner radius (mm) 111.4 
D2 Rotor pole depth (mm) 10.3 
D3 Rotor pole arc width (
o) 9 
D4 
Distance between airgap and 
PM (mm) 
0.2 
D5 PM depth (mm) 30 
D6 PM width (mm) 2.63 
D7 FEC depth (mm) 23.88 
D8 FEC width (mm) 8.25 
D9 Armature coil depth (mm) 29.7 
D10 Armature coil width (mm) 4.95 
 
core. The necessary area of armature coil, Sa to give optimum 
natural number of turns of armature coil Na  is calculated using 
(3) where the limits of armature current density, Ja is set to 30 
Arms/mm
2
.  Similarly for the area of FEC coil, Se is determined 
by (4) where the maximum current density of FEC, Je is set to 
30 A/mm
2
. In this study the number of turns of armature coil 
and FEC is set to 7 and 44 turns, respectively.  
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From Eqn. (3) and (4), α is the filling factor, while Ia and Ie are 
rated armature current and FEC current, respectively.  
 
IV. THE PREDICTED RESULTS BASED ON 2D FINITE 
ELEMENT ANALYSIS OF OUTER-ROTOR HEFSM 
The Commercial FEA package, JMAG-Designer ver.12.0, 
released by Japan Research Institute (JRI) is used as 2D-FEA 
solver for this design study.  Initially, it is important to ensure 
that the proposed machine has good magnetic flux 
characteristic and the rotor must properly align on zero rotor 
position. Besides that, sequence of each phase of armature coil 
supply must be set correctly in order to give a sinusoidal 
profile of generated magnetic flux. Since, the proposed 
machine consists of 12 stator slots, there is U, V, and W phase 
for each quarter of stator body. In order to observe the 
generated flux on each of armature coil, coil arrangement test 
analysis is conducted by setting the FEC current density at 0 
A/mm
2
, while the PM is set at 1.0 kg. In other word, the PM 
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is used as the main flux source of the machine. The armature 
coil numbers and the generated magnetic flux profile from PM 
for each armature coil is demonstrated in Fig. 6. The magnetic 
flux profile with the same phase is dawn on the same graph. 
From the coil arrangement test, it is found that the armature 
coils labeled as C1, C4, C7 and C10 represent the W-phase, 
while the armature coils labeled as C2, C5, C8, and C11  
represent the U-phase, and armature coils labled as C3, C6, 
C9, and C12 represent for V-phase of the machine. The 
maximum amplitude of generated magnetic flux from PM 
only is approximately 3.75 x 10
-3
 Wb with solidly sinusoidal 
waveform. Once the armature coil phase has been identified, 
armature coils with the same pahse are put together and 
connected in series. Thus, the three-phase system that 
represents U, V, and W phases of the proposed motor  are 
illustrated in Fig. 7.  
Furthermore, the investigation on zero rotor position is 
realized to confirm the initial position of the rotor for a 
maximum generated magnetic flux.  Initially, the magnetic 
flux on the U-phase is observed to ensure zero magnetic flux 
appears at the position of 9 and 27 degrees. Otherwise, the 
rotor position needs to be adjusted until zero magnetic flux is 
exactly on that position. This condition is shown by the green 
circle in Fig. 7. The magnetic flux characteristic at various 
conditions of PM and Je are demonstrated in Fig. 8. It clearly 
shows that the maximum magnetic flux is obtained when PM 
and Je is set at 1.0 kg and 15 A/mm
2
, respectively. 
The initial performances of the proposed motor in open circuit 
condition such as back-emf, cogging torque and flux path are 
also investigated. The induced voltage of the proposed 
machine in open circuit condition is conducted at the speed of 
3000 r/min. The predicted results obtained at various 
conditions of Je are shown in Fig. 9. From the figure, the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
amplitude of the fundamental component where the induced 
voltage is generated from the flux of PM only is 82.4 V and is 
slightly sinusoidal. When Je is set to 15 A/mm
2
, the induced 
voltage became much more distorted while the amplitude is 
increased drastically to 255.5 V. This is due to the 
strengthening effect by the additional flux generated by FEC. 
Further increase of Je to maximum of 30 A/mm
2
, caused the 
amplitude of flux linkage to reduce.  
Furthermore, the cogging torque of the proposed machine 
in three conditions of Je is demonstrated in Fig. 10. It shows 
that the initial design of outer-rotor HEFSM produced much 
higher cogging torque when compared with the inner rotor 
HEFSM as given in Ref [19]. The peak-to-peak cogging 
torque of the proposed machine is approximately 10.2 Nm 
while for the inner-rotor HEFSM, the cogging torque is only 
1.06 Nm. In addition, the flux path of the proposed outer-rotor 
HEFSM in open circuit condition is shown in Fig. 11.  It 
 
 
 
Fig. 7  U, V, and W phase of magnetic flux  
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Fig. 6  The armature coil arrangement and generated magnetic flux profile 
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shows that almost 50% of flux flows into the rotor which 
cause higher back-emf at open circuit condition as plotted in 
Fig. 9. Since the performances of the initial design outer-rotor 
HEFSM are not achieve the target specification, design 
refinement and optimization are required to achieve the target 
specifications. 
V. CONCLUSION 
In this paper, design studies on a new 12S-10P outer-rotor 
HEFSM for in-wheel EV traction drive have been presented. 
The coil arrangement and zero rotor position tests have been 
carried out to identify each phase of armature coil and to locate 
the initial position of the rotor. The performances of the 
proposed motor such as flux capability, cogging torque and 
back-emf characteristic have also been investigated and 
demonstrated. From the results obtained, it is expected that the 
motor will successfully achieved the target performances by 
further design refinement and optimization. 
 
 
Fig. 8 The phase flux linkage at various conditions PM and FEC current 
density. 
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Fig. 9  Back-emf at 3000 r/min 
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Fig. 10  Cogging torque of the proposed outer-rotor HEFSSM 
 
Fig. 11  Flux path of PM only 
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